INTRODUCTION
Methods for the analysis of cellular protein synthesis should be quantitative and fast. In 2006, Dieterich and coworkers introduced a proteomics discovery tool called bioorthogonal noncanonical amino acid tagging (BONCAT), in which noncanonical amino acids (ncAAs) with bioorthogonal functional groups (e.g. azides or alkynes) are used as metabolic labels to distinguish new proteins from old (1, 2) . Labeled proteins can be conjugated to fluorescent reporters for visualization or affinity tags for purification and subsequent identification by mass spectrometry (3) . Because the ncAA probe can be introduced to cells in a well-defined "pulse," affinity purification removes pre-existing proteins and provides both reduced sample complexity and excellent time resolution.
Quantitative, Time-Resolved Proteomic Analysis
The methionine (Met) surrogate L-azidohomoalanine (Aha) has become standard in the application of BONCAT methodologies. Using Aha and fluorescent tagging, Tcherkezian et al. observed co-localization of the DCC receptor with sites of protein synthesis, providing support for the role of netrin as a stimulant of extranuclear protein production in neurons (4) . Combining Aha labeling and 2D gel electrophoresis, Yoon et al. discovered that the protein lamin B2 is synthesized in axons and crucial to mitochondrial function and axon maintenance in Xenopus retinal glial cells (5) . Aha has also been used to study histone turnover (6) , protein palmitoylation (7), pathogen amino acid uptake (8) , inflammatory response (9) , and local translation in neuronal dendrites and axons (10) . These labeling techniques have been expanded to tissue and animal culture, where Aha has been used to profile protein synthesis in rat hippocampal brain slices (11, 12) and zebrafish embryos (13) .
The development of fast, reliable, quantitative BONCAT methods will enable new insights into proteome dynamics in response to biological stimuli. Recent work by Eichelbaum et al. combined Aha labeling with stable isotope labeling to measure lipopolysaccharide-stimulated protein secretion by macrophages (14) . A concern that arises in the use of Aha (as it does for all chemical probes of biological processes) is that the protocols used for Aha labeling might perturb cellular protein synthesis. The development of ncAAs as reliable analytic tools hinges on our ability to understand and minimize such unintended effects. For Aha, previous work has shown that protein labeling does not visibly alter cellular morphology in dissociated hippocampal neurons or HEK293 cells, and 1D gels reveal no discrepancies between the proteomes of Aha-and Met-treated cells (1) . These experiments, however, offer only coarse measures of effects on protein synthesis, and as Aha labeling is frequently coupled to mass spectrometry-based proteomic analysis, the biological effects of Aha treatment must be investigated with equivalent sensitivity and resolution.
Here we report sound methods for fast, reliable measurement of proteome dynamics via noncanonical amino acid tagging. First, we use the quantitative proteomics technique pulsed stable isotope labeling with amino acids in cell culture (pSILAC) to investigate potential unintended effects of Aha labeling on protein abundance in HeLa cell cultures, and we develop a strategy for minimizing these effects. Second, we show that a combined BONCAT-pSILAC approach, capable of both enriching and quantifying newly synthesized proteins, yields detailed proteomic information on time scales that are inaccessible to isotope labeling techniques alone.
EXPERIMENTAL PROCEDURES
pSILAC in HeLa cell culture -HeLa cells were maintained in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) in a humidified incubator at 37 °C and 5% CO 2 . For each pSILAC experiment, 2.1 million cells were seeded in 2 T-75 flasks and grown for 24 h. Cultures were washed with warm PBS twice and resuspended in custom lysine-free and Met-free DMEM (Gibco) supplemented with either "medium" lysine (D4 L-lysine, Cambridge Isotope Laboratories) or "heavy" lysine (U- (1 mM Aha, 33 μM Met) as indicated for each experiment. Aha was synthesized as previously described (17) . . Each BONCAT experiment was conducted with three biological replicates. Protein synthesis was halted prior to cell lysis by addition of cycloheximide (Sigma) to 100 μg/ml. Cells were lysed in freshly prepared 2% SDS in PBS with 100 mM chloroacetamide (Sigma) to alkylate free cysteines in proteins. Cysteine alkylation reduces thiol addition of cyclooctyne reagents, and increases the specificity of tagging of Aha-labeled proteins (18) . After mixing heavy and medium lysates, Aha-labeled proteins were conjugated to a biotin tag by strain-promoted azide-alkyne click chemistry (19) . DBCO-sulfo-biotin tag (Click Chemistry Tools) was added to 1 mg of mixed lysates to a final concentration of 12 μM and allowed to react for 15 min, after which the reaction was quenched with excess Aha.
Tagged proteins were captured with Streptavidin Plus UltraLink Resin (Thermo Scientific), washed with 64 column volumes of 1% SDS in PBS, and eluted by boiling the resin in 1 mM biotin in 1% SDS in PBS for 15 min. Eluted proteins were concentrated on a 3 kDa molecular weight cut-off centrifugation filter (Amicon) prior to SDS-PAGE.
Separation of excess or unreacted biotin tag prior to streptavidin capture was unnecessary due to the small quantity of tag used in the click reaction. Solvent A was 0.2% formic acid, 2% acetonitrile, and 97.8% water. Solvent B was 0.2% formic acid, 19.8% water, and 80% acetonitrile. For the LTQ-FT, a 90 min gradient from 0% to 40% solvent B was used. The mass spectrometers were operated in data-dependent mode to automatically switch between MS and MS/MS scans, essentially as described (21) . Survey full scan mass spectra were acquired in the Orbitrap (300 -1700 m/z), following accumulation of 500,000 ions, with a resolution of 60,000 at 400 m/z. The top ten most intense ions from the survey scan were isolated and, after the accumulation of 5000 ions, fragmented in the linear ion trap by collisionally induced dissociation (collisional energy 35% and isolation width 2 Da). Precursor ion charge state screening was enabled and all singly charged and unassigned charge states were rejected. A reject mass list with the major streptavidin contaminants was used. The dynamic exclusion list was set with a maximum retention time of 90 s and a relative mass window of 10 ppm.
GeLC-MS
Survey full scan mass spectra were acquired in the LTQ-FT with an m/z of 400-1600, following accumulation of 1,000,000 ions, with a resolution of 50,000 at 400 m/z. The top seven most intense ions from the survey scan were isolated and, after the accumulation of 5000 ions, fragmented in the linear ion trap by collisionally induced dissociation (collisional energy 35% and isolation width 3 Da). Precursor ion charge state screening was enabled and all singly charged and unassigned charge states were rejected. The dynamic exclusion list was set with a maximum retention time of 60 s and a relative mass window of 10 ppm.
Protein Identification and Quantification -MaxQuant (v. 1.3.0.5) was used to process the Thermo RAW files. All default parameters were used, except LysC was specified as the enzyme and requantify was disabled. Up to 2 missed cleavages were allowed. Met oxidation (+15.9949) and N-terminal acetylation (+42.0106) were specified as variable modifications, and carbamidomethyl cysteine (+57.0125) was specified as a fixed modification. In all Aha labeling experiments, Aha (-4.9863) and L-2,4-diaminobutanoate (-30.9768), a product of reduction of Aha, were specified as variable modifications for Met. In BONCAT experiments, DBCO-sulfo-biotin (+648.2115) was specified as an additional variable modification for Met. Medium (+4.0251) and heavy (+8.0142) lysine labels were specified in all experiments. Mass tolerance for precursor ions and fragment ions were 7 ppm and 0.5 Da, respectively. In pSILAC experiments, multiplicity was set to 3 and light, medium, and heavy peptides were specified. In BONCAT experiments multiplicity was set to 2, specifying only medium and heavy lysine labels.
The human database searched (IPI v 3.54) consisted of 75,710 sequences, 262 of which were common contaminants. The database was appended to a decoy database of equal size in MaxQuant. Protein and peptide false discovery rates were fixed at 1% using a target decoy approach. replicate ratio as the median of the peptide ratios in each replicate and then calculating the overall protein ratio as the mean of the protein replicate ratios. Finally, the standard error of the overall protein ratio is calculated using a bootstrap procedure where resampling with replacement occurs within the hierarchical model at both the replicate and peptide level and each peptide ratio in the bootstrap procedure is augmented by adding a random "noise" effect drawn from a normal distribution with mean zero and standard deviation equal to the previously calculated global estimate of measurement error. In total, 1,000 bootstrap iterations are performed. The standard error of the overall protein ratio is then calculated as the standard deviation of the bootstrapped overall protein ratios. Z-tests can then be used to calculate p-values of overall protein ratios with respect to a 1-to-1 ratio.
RESULTS
In pSILAC, metabolic labeling with amino acid isotopologs is used to determine relative rates of protein translation in different cell populations (22) . To measure the effect of Aha treatment on protein abundance, cells grown in standard "light" media were split and shifted into isotopically "medium" and "heavy" culture media containing either Met, Aha, or a mixture of Aha and Met (Fig. 1A) . After labeling times of 24 h in HeLa cell culture, paired medium and heavy cultures were lysed and mixed in a 1:1 ratio. Separate experiments in which both medium and heavy populations were treated with Met served as controls. Proteins were prepared for LC-MS/MS by standard gel separation and in-gel digestion protocols. Raw MS data were processed with the MaxQuant quantitative proteomics software (23) .
The extent of replacement of Met by Aha can be controlled by adjusting the relative concentrations of the two amino acids in the culture medium (24) . A set of scouting experiments in E. coli suggested that treating cells with a 30:1 ratio of Aha to Met might limit the extent of replacement to levels that would allow enrichment of newly synthesized proteins with minimal effects on protein abundance (supplemental Fig. S1 and S2) . We then investigated similar conditions, hereafter referred to as Aha We performed pSILAC experiments with 24-h labeling times to determine whether Aha 30:1 labeling causes differences in protein abundance relative to Met-labeled controls. Of the 1257 quantified proteins produced during the 24-h pulse, only three exhibited H/M ratios significantly different from 1 (Fig. 1B) . The 78-kDa glucoseregulated protein (Grp78), an ER-localized chaperone, was upregulated 1.2-fold, while the mannose-P-dolichol utilization defect 1 protein (MPDU1) and S-adenosylmethionine (SAM) synthase isoform type 2 (MAT2A) were upregulated 2.4-and 5.1-fold, respectively. MPDU1 is an ER membrane protein required for use of mannose-Pdolichol in the synthesis of GPI anchors and lipid-linked oligosaccharides (25) . SAM synthase catalyzes the conversion of methionine to SAM, an important methyl donor in the cell (26) . In these experiments the extent of replacement of Met by Aha was 6% (supplemental Table S1 ). The ratio of k cat /K m values for activation of Aha and
Met by the E. coli methionyl-tRNA synthetase is 1:390, which for the Aha 30:1 labeling condition predicts a replacement rate of 7.7%, in close agreement with the measured rate (27) .
In contrast to the results just described, treatment of HeLa cells with Aha alone (i.e., without added Met) for a 24-h period caused substantial changes in the abundance of many proteins. Statistically significant differences were noted for 362 of the 1001 quantified proteins, 101 of which showed differences greater than 2-fold (Fig. 1B, supplemental Table S2 ).
Gene ontology (GO) analysis suggests that protein folding and translation are among the cellular processes affected most significantly by Aha labeling in the absence of added Met (Fig. 2a) . The heat shock 70 kDa protein 1A/1B (HSPA1A), a member of the protein folding group, showed the largest increase (9.6-fold) in the Ahatreated samples. Other upregulated heat shock proteins and chaperones included the heat shock 105 kDa protein (HSPH1), endoplasmin (HSP90B1), calnexin (CANX), and several DnaJ homologs (DNAJB11, DNAJA1, and DNAJB1), which were upregulated 2 − 3.5-fold. In the translation group, most of the strongly downregulated proteins were ribosomal proteins, which also constituted 17 of the 19 most downregulated proteins overall.
Among proteins in other GO groups, fatty acid synthase (FASN) showed the largest decrease (−5.6-fold) in
Aha-treated cells. FASN produces long-chain fatty acids and is sensitive to amino acid levels in the cell; deprivation of single essential amino acids, including Met, diminishes FASN abundance (28) . Regulation of SAM synthase is also linked to Met abundance, and the type 2 isoform identified here is upregulated in the absence of Met (29) . These examples suggest that Met starvation, independent of Aha incorporation, probably contributes to the changes in protein abundance observed in Met-depleted cultures. The extent to which the observed changes are due to Aha incorporation, Met depletion, or a combination of the two, however, is unknown. Because BONCAT provides a convenient means of identifying newly synthesized cellular proteins, we examined the pSILAC experiments for evidence that Aha labeling might give rise to artifacts in protein identification. Peptides containing medium and heavy lysine labels allowed for direct comparison of proteins identified in either Aha-or Met-pulsed cultures from individual pSILAC experiments. For each experiment we determined the total number of proteins identified, the number shared between the sample treated with either Aha or Aha 30:1 and the Met control, and the number of proteins found only in the sample culture (supplemental Table S1 ). In each case the number of proteins found only in the sample culture constituted between 0.5% and 6.1% of the total, and no increase was observed in Aha-treated cultures compared to those treated with Met (Fig.   3 ). Thus we find no evidence that Aha labeling, even under conditions of Met depletion, gives rise to artifacts in protein identification.
Both BONCAT and pSILAC can be used to measure changes in the cellular proteome that occur during time windows defined by amino acid pulse-labeling protocols. The key difference between the two methods is that BONCAT physically separates newly synthesized proteins prior to MS analysis, while pSILAC distinguishes and quantifies new proteins informatically. By combining the BONCAT and pSILAC approaches, newly synthesized proteins produced during a pulse can be both enriched and quantified (Fig. 4A) . Here we show that quantitative BONCAT can be used as a general approach for monitoring rapid proteomic changes, and we compare the performance of BONCAT and pSILAC for short labeling times.
For short pulse-labeling times, newly synthesized proteins make up a small fraction of the total proteome.
We expected that enriching newly synthesized proteins by pulse-labeling with Aha would aid in their detection and quantification by mass spectrometry for short pulse times. We compared the performance of the combined BONCAT-pSILAC approach to that of pSILAC alone at pulse times of 4 h and 30 min in HeLa cell culture. In BONCAT experiments, Aha-labeled proteins were enriched by conjugation to a DBCO-biotin tag via strain-promoted azidealkyne click chemistry and purification on a streptavidin resin (30) . Enriched proteins were prepared for LC-MS/MS as described in the experimental methods. Fig. 4C) . BONCAT replicates were reproducible, sharing an average of 89% of quantified proteins between replicates (supplemental Table S3 ).
Individual BONCAT experiments provided 5 -7 times more peptide evidences than parallel pSILAC experiments in the 4-h pulse, and 35 -175 times more evidences in the 30-m pulse experiments (Fig. 4D, supplemental Fig. S4 ).
Prior to enrichment, newly synthesized proteins in the 4-h and 30-min experiments made up approximately 6%
and 3% of the total proteome, respectively. After BONCAT enrichment, newly synthesized proteins constituted an average of 80 -83% and 52 -65% of the total protein in the 4-h and 30-min experiments, respectively (Fig 4E) . The list of quantified proteins from the 4-h and 30-min pSILAC and BONCAT experiments is available in supplemental 
